Abstract Recent advances in our understanding of the excess mortality of chronic kidney disease (CKD) due to cardiovascular complications, obtained through observational studies, demonstrate that vascular calcification and hyperphosphatemia are major cardiovascular risk factors. Mechanistic studies demonstrate that these two risk factors are related and that hyperphosphatemia directly stimulates vascular calcification. The role of hyperphosphatemia in stimulating vascular calcification in CKD is associated with a block to the skeletal reservoir function in phosphate balance due to excess bone resorption. This has led to the realization that renal osteodystrophy is linked to vascular calcification by disordered mineral homeostasis (phosphate) and that a multiorgan system fails in CKD, leading to cardiovascular mortality. In children with renal disease, the multiorgan system fails, just as in adults, but the outcomes have been less well studied, and perceptions of differences from adults are possibly incorrect. Vascular calcification and cardiovascular mortality are less prevalent among pediatric patients, but they are present. However, CKDinduced vascular disease causes stiffness of the arterial tree causing, in turn, systolic hypertension and left ventricular hypertrophy as early manifestations of the same pathology in the adult. Because of the role of the skeleton in these outcomes, renal osteodystrophy has been renamed as the CKD mineral bone disorder (CKD-MBD). This review, which focuses on the pediatric patient population, describes our current state of knowledge with regards to the pathophysiology of the CKD-MBD, including the new discoveries related to early stages of CKD. As a new necessity, cardiovascular function issues are incorporated into the CKD-MBD, and new advances in our knowledge of this critical component of the disorder will lead to improved outcomes in CKD.
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Introduction
Chronic kidney disease mineral bone disorder (CKD-MBD) is a term coined by Kidney Disease Improving Global Outcomes Foundation (KDIGO) [1] to replace the term, renal osteodystrophy (ROD) in recognition of several pathophysiologic discoveries of the 21st century. The first of these pathophysiologic discoveries is that the disorders in mineral metabolism associated with CKD are key factors contributing to the excess mortality observed in CKD [2, 3] . Secondly, the skeletal remodeling disorders caused by CKD contribute directly to the disordered mineral metabolism and the heterotopic mineralization, especially the vascular calcification that accompanies CKD [4] . Thirdly, CKD or renal injury impairs skeletal anabolism, decreasing osteoblast function and bone formation rates [5] . In short, a multiorgan system has been defined, involving the kidney, skeleton, parathyroid glands, fat, the intestine and the cardiovasculature, which fails in CKD. This system failure produces cardiovascular morbidity, which is often fatal [6] . When CKD begins in childhood, the cardiovascular dysfunction produced by the CKD-MBD causes vascular stiffness and systolic hypertension. Left ventricular hypertrophy is a common complication, and vascular calcification and mortality are observed, though less prevalent than in adults.
Pathobiology of the CKD-MBD
The increasing incidence of CKD and ESKD in the USA, and the role of the CKD-MBD in the high mortality of CKD patients makes it a major health issue for Americans and all developed societies [6] [7] [8] . When CKD affects children, the CKD-MBD results [9] . In early CKD in children, hypertension and left ventricular hypertrophy are common. The left ventricular hypertrophy has been considered solely as an end organ complication of hypertension. However, vascular stiffness detected by the ankle-brachial index and carotid intimal medial thickness is very common in pediatric CKD, and vascular stiffness leading to systolic hypertension and wide pulse pressures are major factors contributing to left ventricular hypertrophy and cardiac dysfunction. In children, the skeletal disorders of CKD contribute to growth failure and, similar to left ventricular hypertrophy, this also begins early in the course of kidney disease. Renal osteodystrophy in children is predominantly due to hyperparathyroidism, hyperphosphatemia and calcitriol deficiency. However, the latter are relatively late complications of the CKD-MBD, which can clearly be shown to begin before these abnormalities are detectable. Virtually all children with end-stage kidney disease (ESKD) demonstrate skeletal histologic pathology [10] , but a higher proportion of children with stages 2-4 CKD maintain normal bone formation rates than their adult counterparts. This is misleading because the CKD-MBD begins early following initial insults to kidney function that are demonstrable by high-resolution peripheral computed tomography (HRpQCT) [11] and elevated levels of fibroblast growth factor-23 (FGF-23) [12] . This high-resolution imaging study detected, for the first time, an early impairment of trabecular micro-architecture in CKD 2-4 patients before the onset of severe hyperparathyroidism and calcitriol deficiency. The skeleton contributes to the onset and progression of the cardiovascular complications of CKD in children. However, the lack of underlying atherosclerosis stimulated by CKD in children and the resistance of the growing skeleton to renal osteodystrophy may diminish the severity of the skeletal and cardiovascular complications. These do develop and they become phenotypically the same as in adults as the children transition out of pediatrics.
Pathogenesis of the CKD-MBD
Renal injuries produce a loss of mesenchymal cell anabolism manifested as a decrease in bone formation rates that derive from osteoblast activity [5] and loss of the vascular smooth muscle phenotype that may affect cardiovascular reactivity [13] . The loss of anabolism occurs in early CKD [14] in the presence of normal parathyroid hormone (PTH), vitamin D, Ca and PO 4 levels, but it produces changes in the new hormonal systems that define the early phases of the CKD-MBD, leading to cardiovascular disease and growth failure. These two new defined hormonal systems are FGF23 [15, 16] and osteocalcin [17] . Loss of osteoblastic bone formation due to renal injury shrinks the size of the rapidly exchangeable phosphate and calcium pools, causing early stimuli for secondary hyperparathyroidism [18] . Osteoblasts form the hematopoietic stem cell niche [19] , and an adaptation to the loss of osteoblast function in CKD is required to preserve hematopoiesis. This adaptation is secondary hyperparathyroidism [18] . Three (family of) factors, namely, bone morphogenetic proteins (BMP), wingless/ints proteins (Wnts) and PTH, regulate the hematopoietic stem cell niche [20] . Hyperparathyroidism may represent the adaptation necessary to maintain endosteal and bone marrow microenvironments, including the hematopoietic stem cell (HSC) niche due to the decreased influence of either BMPs or Wnts on osteoblast activity following renal injury. Adapting to maintain the niche size comes at the expense of high PTH levels and the increased influence of secondary hyperparathyroidism on skeletal remodeling.
The earliest immunohistochemical abnormalities of bone in the CKD-MBD are seen after a relatively mild reduction in the glomerular filtration rate (between 60 and 90 ml/min/ 1.73m 2 , stage 2 CKD) [12, 21] and before abnormalities of mineral homeostasis are detectable by serum assays of Ca, inorganic phosphorus (Pi), calcitriol and PTH (Fig. 1) . At these early stages of CKD, elevated FGF-23 and PTH levels, although the latter less frequently, are observed before changes in the serum phosphorus, calcitriol or calcium are detectable [12, [22] [23] [24] .
As kidney failure advances, a variety of factors directly stimulate PTH secretion, including hypocalcemia, low calcitriol levels, hyperphosphatemia and other factors (Fig. 1) . These are additive to the initial stimulus produced by renal injury, increasing the strength of the adaptation, and they serve the additional purposes of attempting to maintain the homeostasis of calcium, calcitriol and phosphorus. Maintaining calcium homeostasis drives the hyper-parathyroidism to stimulate bone resorption for release of Ca and Pi from the storage reservoir, but this sets up a block of the reservoir for the uptake of excess phosphorus when the balance of the latter becomes positive.
Pathogenetic factors in the CKD-MBD
Loss of smooth muscle phenotype Early CKD produces a loss of smooth muscle terminal differentiation. This was discovered when it was found that CKD more than doubled the size of the neointimal hyperplastic lesion (NH) produced by an arterial-venous anastomosis [13] . The NH lesion is produced by migrating vascular smooth muscle cells (VSMC), and to migrate, VSMC have to dedifferentiate [25] . These data are in agreement with those of Chen et al. demonstrating that uremic serum stimulates the osteoblastic transition of VSMC in vitro, a step also requiring dedifferentiation to proceed [26] . The decrease in differentiation produces decreased expression of the contractile apparatus of the VSMC [27] and, as a result, decreased contractility. This decrease in contractility by definition produces vascular stiffness, which in turn leads to increased systolic pressures. Thus, early CKD produces vascular stiffness leading to systolic hypertension, a newly recognized early manifestation of the CKD-MBD especially important in kids.
Fibroblast growth factor-23 FGF-23 is the original phosphatonin (phosphate excretion regulating hormone) discovered in studies of autosomal dominant hypophosphatemic rickets and oncogenic osteomalacia [28, 29] . FGF-23 levels increase progressively during the course of CKD, including pediatric CKD [12, 22, 30] . The roles of FGF-23 in regulating phosphate homeostasis and calcitriol synthesis in CKD are just now being elucidated. It is known that FGF-23 is produced mainly by osteocytes and osteoblasts and that the stimulus for FGF-23 production is a decrease in bone formation. Thus, FGF23 represents a skeletal signal that Pi is not being deposited and that Pi excretion needs to be increased. FGF-23 represents a direct bone-kidney connection in the multiorgan system involved in the CKD-MBD (Fig. 1) . The tendency of children to have higher rates of bone formation is associated with increased osteoid thickness and surfaces covered by osteoid in the CKD-MBD [12] . Whether these findings are the result of high turnover rates or a mineralization defect apparent in children with CKD-MBD is unknown. FGF-23 may be the pathogenetic factor in the latter instance. Furthermore, FGF-23-stimulated 24-hydroxylase and reduced vitamin D and calcitriol levels affect the vascular osteoblastic transition, causing calcification.
The actions of FGF-23 require FGF receptors (FGFR1c) which are widely expressed and a specific co-receptor, 
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Switch to high turnover Fig. 1 The pathogenesis of the chronic kidney disease mineral bone disorder (CKD-MBD). The onset of the CKD-MBD is in very early CKD when kidney injury/disease (KD) causes a decrease in bone formation. This decrease may still leave bone formation rates within the normal range, but it stimulates osteocytes to secrete fibroblast growth factor-23 (FGF-23). Elevations in FGF-23 are seen in pediatric CKD at stage 2 disease before abnormalities in phosphate homeostasis, calcitriol deficiency or parathyroid hormone (PTH) secretion are detectable. The effects of FGF-23 are to decrease the tubular reabsorption of inorganic phosphorus (Pi), because this Pi is not being put into the skeletal reservoir in the form of bone, and to inhibit calcitriol production. These early changes progress with progression of CKD to stimulate PTH secretion. During the progression to stage 3-4 CKD, positive phosphate balance, calcitriol deficiency and the switch from low-turnover to high-turnover osteodystrophy develop as the hyperparathyroidism progresses. In translational studies, the early phase of the CKD-MBD is involved with stimulation of vascular calcification (Vasc. Calcif.) in stage 2 CKD [14] Klotho, which has limited tissue distribution and establishes high-affinity receptor binding. Klotho distribution defines the actions of FGF-23. In the proximal tubule, FGF-23 inhibits the activity of the sodium-dependent Pi transporter NaPT2a and the 25-OH cholecalciferol-1α hydroxylase, 27CYP2a, and it stimulates 24-OH hydroxylase. Thus, FGF-23 reduces calcitriol and vitamin D levels. Calcitriol, in turn, stimulates FGF-23 production in osteocytes. In the parathyroid chief cells, FGF-23 inhibits PTH secretion, and PTH, in turn, affects FGF-23 production in osteocytes. Behind the blood brain barrier there is central nervous system (CNS) FGF-23 production and Klotho-mediated signal transduction unrelated to the systemic hormone system at this time.
Osteocalcin Osteocalcin is secreted by osteoblasts during bone formation. While osteocalcin is a well-known osteoblast-specific Ca-binding matrix protein, its uncarboxylated form is a newly discovered hormone regulating energy utilization and production [17] . Osteocalcin stimulates adipocytes to convert triglyceride to glucose, the pancreas to secrete insulin and myocytes and osteoblasts to respond to insulin and increase glucose uptake for energy production in the form of ATP. The early loss of bone formation in CKD systemically causes decreased osteocalcin and decreased energy production/utilization. This affects cardiac energy production, utilization and function and may contribute to the pathogenetic basis for developing left ventricular hypertrophy in children with CKD. This exciting new discovery requires extensive study in the CKD setting, but it sets up CKD-induced skeletal injury as a key factor in the multiorgan system failure that causes excess mortality.
Calcitriol deficiency Decreased calcitriol production is a direct outcome of increased FGF-23 production. Early in CKD, these decreases are detectable as changes within the normal range (Fig. 1) . As CKD advances, the functioning nephron mass is decreased and this, combined with an increased phosphate load in the remaining nephrons, results in calcitriol deficiency from proximal tubular 25-hydroxycholecalciferol 1α-hydroxylase activity [31] . Calcitriol deficiency in turn decreases intestinal calcium absorption and leads to hypocalcemia and, in cases of advanced kidney failure, diminishes tissue levels of vitamin D receptors (VDR), in particular, the VDR of parathyroid gland cells [32] . Because the chief cell VDR suppresses the expression of pre-pro-PTH mRNA, lower circulating calcitriol levels together with a low number of vitamin D receptors in patients with ESKD result in stimulation of both the synthesis and secretion of PTH [33] . The VDR is expressed in vascular smooth muscle cells and cardiac myocytes. What remains to be defined is the role of vitamin D and calcitriol deficiency in the cardiovascular complications of CKD. Despite the role of high levels of vitamin D analogs in stimulating vascular calcification [34, 35] , low doses of vitamin D analogs that are sufficient to act as hormone replacement therapy actually inhibit vascular calcification [36, 37] .
Hyperparathyroidism All of the mechanisms discussed above result in an increased production of PTH and nodular hyperplasia of the parathyroid glands in CKD. The size of the parathyroid glands progressively increases during CKD, mainly due to diffuse cellular hyperplasia; in dialyzed patients with CKD, this increase in size is positively correlated with increasing serum PTH levels. Monoclonal chief cell growth also develops, resulting in the formation of nodules. Nodular hyperplastic glands have fewer vitamin D and calcium-sensing receptors than diffusely hyperplastic glands, thereby promoting parathyroid gland resistance to calcitriol and calcium. Sustained elevation in PTH levels, while adaptive to maintaining osteoblast surfaces, produce an abnormal phenotype of osteoblast function with relatively less type 1 collagen and more RANKL ligand production than anabolic osteoblasts. This leads to a highturnover osteodystrophy, PTH receptor desensitization and excess bone resorption.
Hyperphosphatemia As renal injury decreases nephron number, the stimulus to hyperphosphatemia due a reduction in filtered phosphate is reversed through PTH-and FGF-23-mediated reductions in tubular epithelial phosphate transport. The increase in phosphate excretion by the remaining nephrons restores phosphate homeostasis at the cost of higher PTH and FGF-23 levels and maintains normal phosphate excretion. In stage IV and V CKD, when renal injury is severe enough that the glomerular filtration rate reaches levels of less than 30% of normal, hyperphosphatemia becomes fixed due to insufficient renal excretion despite high PTH and FGF-23 levels [38] . At this level of reduced renal function, the ability of the remaining nephrons to increase phosphate excretion above roughly 80-90% of the filtered load fails due to as yet unclear reasons. Studies have demonstrated that failure of calcium and phosphorous deposition into the skeleton or excess resorption of the skeleton also contribute to abnormal calcium and phosphorus levels in CKD and ESKD [4, 39] . Hyperphosphatemia decreases serum calcium through physicochemical binding and suppresses 1α-hydroxylase activity, which results in further lowering of the circulating calcitriol levels. Moreover, a direct stimulatory effect of phosphorus on the parathyroid gland cells, independent of calcium and calcitriol, produces increased secretion and nodular hyperplasia of parathyroid gland cells [40, 41] . Finally, hyperphosphatemia is a signaling mechanism for the induction of heterotopic mineralization of the vasculature in CKD and ESKD [42, 43] .
Hypocalcemia As CKD progresses, hypocalcemia develops due to decreased intestinal Ca absorption. Low blood levels of ionized calcium stimulate PTH secretion, whereas high calcium concentrations suppress it. The action of calcium on parathyroid gland chief cells is mediated through a calcium sensor; a G-protein-coupled plasma membrane receptor (CASR) expressed in chief cells, kidney tubular epithelia and, at lower levels widely throughout the body [44, 45] . The short-term stimulation of PTH secretion induced by low calcium is due to exocytosis of PTH packaged in granules, and longer term stimulation results from an increase in the number of cells that secrete PTH. More prolonged hypocalcemia induces changes in intracellular PTH degradation and mobilization of a secondary storage pool. Within days or weeks of the onset of hypocalcemia, pre-pro-PTH mRNA expression is stimulated. This effect is exerted through a negative calcium response element located in the upstream flanking region of the gene for PTH. Expression of the CASR has been shown to be suppressed by calcitriol deficiency and stimulated by calcitriol administration, suggesting an additional regulatory mechanism of the active vitamin D metabolite on PTH production. The decreased number of calcium-sensing receptors with low circulating calcitriol may, at least in part, explain the relative insensitivity of parathyroid gland cells to calcium in patients undergoing dialysis. In addition, the CASR may be expressed and regulated similarly in vascular smooth muscle cells and cardiac myocytes, suggesting that hypocalcemia may have direct actions on cardiovascular function in CKD.
Inflammatory mediators CKD is well-known as an inflammatory state with elevated levels of numerous inflammatory cytokines, chemokines and their receptors [46] [47] [48] . For example, interleukin-8 (IL-8) levels are elevated in CKD, contributing to PTH secretion. A central inflammatory cytokine, IL-6, is a direct marker of inflammation in CKD [49] , and it contributes to ROD pathogenesis [46] . However, the critical roles of inflammatory mediators in the CDK-MBD remain to be defined [50] .
Leptin One of the roles of inflammatory mediators in the CKD-MBD is the stimulation of leptin secretion from adipose tissue. Leptin is a small anorexiogenic hormone that acts directly on the hypothalamus to decrease appetite and through its action on the melanocortin receptor 4, leptin leads to β-adrenergic nervous system-dependent inhibition of osteoblast function. Leptin is increased in CKD and implicated in the cachexia of uremia. Its metabolism is delayed by kidney disease through decreased proximal tubular metabolism. Its role as a pathogenic factor in the adynamic bone disorder remains to be fully characterized.
Acidosis As nephron mass declines in CKD, the ability to regenerate bicarbonate consumed in the buffering of metabolic acids is lost. As a result, metabolic acidosis is a uniform finding in stage 4/5 CKD. In this setting, bone becomes an important buffer of acid production in patients with ESKD [51] . Metabolic acidosis stimulates bone resorption and suppresses bone formation [52] , thereby resulting in negative bone balance and contributing significantly to the pathogenesis of CKD-MBD.
Aluminum The accumulation of aluminum (Al 3+ ) in bone and other organs, such as the parathyroid glands, may occur in patients undergoing dialysis or before the initiation of dialysis. Aluminum accumulation in the parathyroid glands results in the decreased secretion of PTH and suppression of bone turnover. In addition, aluminum inhibits renal and intestinal 25-hydroxycholecalciferol 1-α-hydroxylase activity and, therefore, aluminum may further contribute to reduced levels of calcitriol. Possible sources of aluminum include high aluminum concentrations in the water used for dialysis, prescription of aluminum-containing phosphate binders and aluminum in drinking water, infant formula and other liquids or solid food.
Hypertension The major factor in the cardiovascular manifestations of CKD-MBD is hypertension. Hypertensive phenotypes determined by automatic blood pressure monitoring are relatively specific to CKD, including pediatric CKD. The results of early studies suggest that phosphate contributes to vascular stiffness in pediatric CKD, which in turn indicates that the CKD-MBD is a contributing factor of unknown importance to hypertension and possibly cardiac function in CKD.
Hypogonadism Patients with ESKD have various states of gonadal dysfunction. Estrogen and testosterone deficiency significantly contributes to CKD-MBD pathogenesis.
Matrix Gla protein, fetuin, pyrophosphate and other factors Some patients with CKD are treated with glucocorticoids, which have an impact on bone metabolism. Patients maintained on chronic dialysis retain of β2-microglobulin. Additionally, alterations in growth factors and other hormones involved in the regulation of bone remodeling may be disordered in CKD/ESRD, thus affecting bone remodeling and contributing to the development of CKD-MBD. Matrix Gla protein, fetuin and pyrophosphate are inhibitors of mineralization. The regulation of these factors is disordered in CKD, especially in the vasculature, contributing to vascular calcification in the CKD-MBD. Extensive review of these factors is beyond the scope of this article.
Pathology of the CKD-MBD
Renal osteodystrophy
The pathology of renal osteodystrophy (ROD) is not uniform. Depending on the relative contribution of the different pathogenic factors discussed above and their treatment, various pathologic patterns of bone remodeling are expressed in CKD and ESKD.
Low-turnover bone disease, adynamic bone disorder Lowturnover uremic osteodystrophy may be the initial pathology of renal osteodystrophy, but it is most often missed. Children with this disorder often experience a transition from normal bone formation rates to high-turnover disease. The histologic hallmark of the adynamic bone disorder (ABD) group is a profound decrease in bone turnover due to a low number of active remodeling sites, the suppression of bone formation and low resorption, with the latter not as decreased as formation. The result is a low turnover condition that will lead to osteopenia and osteoporosis. The majority of trabecular bone is covered by lining cells, with few osteoclasts and osteoblasts. Bone structure is predominantly lamellar, and the extent of mineralizing surfaces is markedly reduced. Only a few thin, single tetracycline labels are usually observed. Two subgroups can be identified in this type of renal osteodystrophy based on the causal events leading to a decline in osteoblast activity: ABD and low-turnover osteomalacia from aluminum intoxication.
Low-turnover osteomalacia is characterized by an accumulation of unmineralized matrix in which a diminution in mineralization precedes or is more pronounced than the inhibition of collagen deposition. Unmineralized bone represents a sizable fraction of trabecular bone volume. The increased lamellar osteoid volume is due to the presence of wide osteoid seams that cover a large portion of the trabecular surface. The occasional presence of woven bone buried within the trabeculae indicates past high bone turnover. When osteoclasts are present, they are usually seen within trabecular bone on at the small area of the trabecular surface left without osteoid coating.
Predominant hyperparathyroid bone disease, high-turnover ROD and osteitis fibrosa Sustained excess PTH results in increased bone turnover, with osteoclasts, osteoblasts and osteocytes found in increased numbers. Disturbed osteoblastic activity results in a disorderly production of collagen, which in turn results in the formation of woven bone. The accumulation of fibroblastic osteoprogenitors not in the osteoblastic differentiation program results in collagen deposition (fibrosis) in the peritrabecular and marrow space. The non-mineralized component of bone, osteoid, is consequently increased, and the normal threedimensional architecture of osteoid is frequently lost. Osteoid seams no longer exhibit their usual birefringence under polarized light; instead, a disorderly arrangement of woven osteoid and woven bone with a typical crisscross pattern under polarized light is seen. The mineral apposition rate and number of actively mineralizing sites are increased, as documented under fluorescent light after the administration of time-spaced fluorescent (tetracycline) markers.
Mixed uremic osteodystrophy, high-turnover ROD plus a mineralization defect Mixed uremic osteodystrophy is caused primarily by hyperparathyroidism and defective mineralization with or without increased bone formation. These features may coexist in varying degrees in different patients. Increased numbers of heterogeneous remodeling sites can be seen, and the number of osteoclasts is usually increased. Because active foci with numerous cells, woven osteoid seams and peritrabecular fibrosis coexist next to lamellar sites with a more reduced activity, the greater production of lamellar or woven osteoid causes an accumulation of osteoid with osteoid seams that are normal or increased in thickness. Whereas active mineralizing surfaces increase in woven bone with a higher mineralization rate and diffuse labeling, mineralization surfaces may be reduced in lamellar bone with a decreased mineral apposition rate.
Associated features of renal osteodystrophy
Osteoporosis and osteosclerosis With a progressive loss of renal function, cancellous bone volume may be increased along with a loss of cortical bone, but this is in part due to the deposition of woven immature collagen fibrils instead of lamellar fibrils. Thus, bone strength suffers despite the increase in mass detected by dual energy X-ray absorptiometry (DEXA). Patients undergoing chronic dialysis may have a loss or gain in bone volume depending on bone balance. When the bone balance is positive, osteosclerosis may be observed when osteoblasts are active in depositing new bone (especially woven), thus superseding bone resorption. This is relatively rare in the 21st century due to improved therapy of secondary hyperparathyroidism, and it is less common in children than adults.
In the case of negative bone balance, bone loss occurs in cortical and cancellous bone and is more rapid when bone turnover is high. In those cases, bone densitometry will detect osteopenia or osteoporosis. The prevalence of osteoporosis in the population with CKD exceeds its prevalence in the general population [53] [54] [55] , and children are not necessarily spared from osteopenia or osteoporosis. Osteoporosis is observed in CKD before dialysis is required for end-stage kidney failure [56] . When bone turnover is high, as in secondary hyperparathyroidism with osteitis fibrosa, bone resorption rates are in excess of bone formation, and osteopenia progressing to osteoporosis may result. When bone turnover is low, although both bone formation rates and bone resorption may be reduced, resorption is in excess and loss of bone mass occurs. Thus, osteoporosis may be observed with either high-turnover [56] [57] [58] [59] or low-turnover [60] forms of osteodystrophy. When bone resorption exceeds bone formation rates in CKD, a positive phosphorus and calcium balance results in hyperphosphatemia and hypercalcemia without an increase in skeletal mineral deposition, but with a stimulation of heterotopic mineralization, especially of the vasculature. The failure of the skeleton to absorb the positive phosphate balance in CKD is an important stimulus to heterotopic mineralization and links the skeleton and osteoporosis in CKD to cardiovascular events and mortality [61] .
Bone aluminum, iron, lanthanum and bisphosphonate accumulation These substances accumulate in bone at the mineralization front, at the cement lines, or diffusely. The extent of stainable aluminum at the mineralization front correlates with histologic abnormalities in mineralization. Aluminum deposition is most severe in cases of low-turnover osteomalacia. However, it can be observed in all histologic forms of renal osteodystrophy. In patients in whom an increased aluminum burden develops, bone mineralization and bone turnover progressively decrease. These abnormalities are reversed with the removal of the aluminum. Iron also accumulates at the mineralization front and can cause lowturnover forms of ROD similar to aluminum, although much less is known of iron intoxication than aluminum. Bisphosphonates are drugs used in the treatment of osteoporosis and hypercalcemia. There are increasing instances of bisphosphonate use in patients with CKD and ESKD. However, the nature of the bone remodeling abnormalities in CKD, especially with woven bone formation and mineralization defects, lend a high level of risk to skeletal deposition of a substance that once deposited may not be removed. Such a risk of long-term retention of an active drug inhibiting bone turnover is now being recognized with the use of bisphosphonates in osteogenesis imperfecta and the rare side effect of the drugs in osteonecrosis of the jaw [62] and subtrochanteric fractures of the hip. Lanthanum has recently been added as a rare earth ion administered to CKD and ESKD patients. It is poorly absorbed, and its levels in bone are much less than that of aluminum. Long-term administration appears to be safe with early 10-year data available. Five-year data demonstrate that the levels of skeletal accumulation remain below those with any biologic or toxic effects. Lanthanum disappearance from bone deposits is slow, but not as slow as that of bisphosphonate.
Cardiovascular
Specific cardiovascular pathology in the CKD-MBD is unknown. Studies of the vasculature in CKD indicate the presence of osteoblastic differentiation in the vessel wall. These findings are in agreement with studies suggesting that uremic serum and high phosphate levels stimulate osteoblastic differentiation of calcifying vascular cells and vascular smooth muscle cells. Cardiac remodeling with the concomitant loss of myotubes and stimulation of interstitial myofibroblasts is a complication of CKD, and this remodeling is probably stimulated by calcitriol deficiency, hyperphosphatemia and unknown factors of the CKD-MBD. This is an important area for new research as we improve our understanding and treatment of the CKD-MBD.
Clinical manifestations
Patients with mild to moderate kidney insufficiency are rarely symptomatic due to the CKD-MBD and its skeletal pathology. However, cardiovascular symptoms are more common, such as hypertension. We must also consider vascular calcification to be a complication of the CKD-MBD and the appearance of the CKD-MBD to be a cause of vascular stiffness. In CKD, vascular stiffness causes an increase in systolic blood pressure, a widening of the pulse pressure and an increase in pulse wave velocity. Vascular calcification is a clinically important CKD-MBD complication and may develop while the patient is asymptomatic in terms of the musculoskeletal system.
Symptoms of CKD-MBD related to the skeleton appear in patients with advanced kidney failure. Clinical manifestations are preceded, however, by an abnormal biochemical profile (hypocalcemia, hyperphosphatemia, calcitriol deficiency and elevated PTH levels) that should alert the physician and prompt steps to prevent more severe complications. When symptoms related to the skeleton occur, they are usually insidious, subtle, nonspecific and slowly progressive.
Vascular calcification, calciphylaxis and tumoral calcinosis Vascular calcification is common in patients with ESKD, causing left ventricular hypertrophy, congestive heart failure and coronary ischemia. The pathogenesis of vascular calcification in CKD is complex and can be classified pathologically into two types: neointimal and arterial medial. Atherosclerotic neointimal calcification is multifactorial, but it involves activation of an osteoblastic differentiation program in cells of the neointima around atherosclerotic plaques and the tunica media. Diffuse calcification of arterial tunica media is referred to as Mönckeberg's sclerosis. CKD is the most common cause of Mönckeberg's sclerosis, especially when it complicates diabetes mellitus. All forms of ROD are associated with vascular calcification, but the association between lowturnover osteodystrophy and atherosclerotic neointimal calcification is of particular importance. Here, the decrease in skeletal osteoblast function is associated with osteoblastic differentiation of cells in the vasculature. Furthermore, signals deriving from the skeleton, such as hyperphosphatemia, are direct causes of vascular mineralization.
Heterotopic tissue calcification may occur in the eyes and manifest as band keratopathy in the sclera or induce an inflammatory response known as the red eye syndrome in the conjunctiva. These types of calcifications are usually associated with hyperparathyroidism or increased calcium phosphate production. Calcium deposits are also found in the lungs and lead to restrictive lung disease. Deposits in the myocardium may cause arrhythmias, annular calcifications, valvular calcification or myocardial dysfunction. Most soft tissue calcifications are attributed to secondary hyperparathyroidism or to the increased calcium phosphate product associated with it. However, they have also been described in patients with ABD. This diversity could be explained by increased calcium and/or phosphate release from bone in patients with severe hyperparathyroidism and an inability to maintain normal mineral accretion in patients with ABD.
The syndrome of calciphylaxis is characterized by vascular calcification in the tunica media of peripheral arteries. These calcifications induce painful violaceous skin lesions that progress to ischemic necrosis. This syndrome is associated with serious complications and often death. Calciphylaxis has been associated with high serum calcium phosphate production and severe secondary hyperparathyroidism. However, it can also be seen in patients with normal or mildly elevated serum phosphate or PTH levels. The pathogenesis of calciphylaxis is probably multifactorial because hyperparathyroidism, high calcium phosphate production, steroid therapy, vitamin D therapy, iron overload, aluminum toxicity and protein C deficiency have all been implicated.
Tumoral calcinosis is a form of soft tissue calcification that usually involves the periarticular tissues. Calcium deposits may grow to an enormous size and interfere with the function of adjacent joints and organs. Although this type of calcification is usually associated with high calcium phosphate production, its exact pathogenesis is poorly understood. The recent discoveries of three single gene mutations in FGF-23, Klotho and GALNT3, respectively, causing inherited tumoral calcinosis has shed light on the role of hyperphosphatemia in its pathogenesis [63] [64] [65] because FGF-23 is a phosphatonin [66] and Klotho is a co-receptor for FGF-23 in the proximal tubule of the kidney [67] . Similar to soft tissue calcification, tumoral calcinosis is observed with severe hyperparathyroidism and low-turnover bone disease.
Bone pain, fractures and skeletal deformities Bone pain is usually vague, ill defined and deep seated. It may be diffuse or localized in the lower part of the back, hips, knees or legs, and weight bearing and changes in position commonly aggravate it. Bone pain may progress slowly to the degree that patients are completely incapacitated. Bone pain in patients with ESKD usually does not manifest itself physically; however, local tenderness may be apparent with pressure. A sharp chest pain may indicate rib fracture. Spontaneous fractures or fractures after minimal trauma may also occur in vertebrae (crush fractures) and in tubular bones.
Bone pain and bone fractures can be observed in all patients with ESKD independent of the underlying histologic bone disease, especially when osteoporosis is present [53] . The incidence of fractures is markedly elevated in patients with CKD relative to the general population.
Skeletal deformities can be observed in children and adults. Most children with ESKD have growth retardation, and bone deformities may develop from vitamin D deficiency (rickets) or secondary hyperparathyroidism. Bowing of the long bones, especially the tibiae and femora, is seen in children with rickets, accompanied with typical genu valgum that becomes more severe with adolescence. Long-standing secondary hyperparathyroidism in children may be responsible for slipped epiphyses secondary to the impaired transformation of growth cartilage into regular metaphyseal spongiosa. This complication most commonly affects the hips, becomes obvious in preadolescence and causes limping; however, it is usually painless. When the radius and ulna are involved, ulnar deviation of the hands and local swelling may occur. In adults, skeletal deformities can be observed in cases of severe osteomalacia or osteoporosis and include lumbar scoliosis, thoracic kyphosis and recurrent rib fractures.
Hypertension, congestive heart failure, coronary ischemia peripheral vascular disease A discussion of the clinical manifestations of the cardiovascular complications of the CKD-MDB is beyond the scope of this review. The role of the CKD-MBD in the pathogenesis of these prevalent complications of CKD remains unclear. A clear-cut contribution of the CKD-MBD to vascular stiffness, at least through vascular calcification in CKD, has been established, but it is likely that the role of the CKD-MBD in the cardiovascular complications of CKD is much greater. Emerging and future studies will provide important clarifica-tions of these clinical issues, which are very prevalent in children receiving renal replacement therapy.
